The main purpose of applying the chlorination process during water treatment is for disinfection. Research results, however, indicate that disinfection byproducts (DBPs) including trihalomethanes (THMs), haloacetic acids (HAAs), haloacetonitriles (HANs), haloketones (HKs), and chloropicrin (CP) can be produced by the chlorination process. Some of these DBPs are known to be potential human carcinogens. This 3-year project is designed to establish a standard analysis procedure for DBPs in drinking water of this country and investigate the distribution and sources of specific DBPs. The occurrence level of DBPs in drinking water was below 50 g/l in most cases. THMs in plant effluent accounted for 60% of all DBPs measured, whereas HAAs accounted for 20%, HANs 12%, HKs 5% and CP 3%. Chloroform was found to be the major THMs compound (77%), followed by bromodichloromethane (BDCM, 18%) and bromoform (BF, 3%). The concentration of DBPs formed in distribution systems increased from those detected in plant effluent. Comparison of humic acid and sewage as precursors for THMs formation showed that humic acid was the major THMs precursor. Results would play an important role in exposure assessment as a part of the risk assessment process, and would give basic information for establishment of DBPs reduction and management procedures.
Introduction
Disinfection is practiced by water utilities to protect the public from microbial diseases that might otherwise be caused by microorganisms in the drinking water supply. Application of drinking water disinfection in the early 20th century has dramatically reduced the incidence of waterborne disease. Natural organic matter (NOM) exists in nearly all water sources. In reaction with disinfectants, it is transformed into disinfection by-products (DBPs), which may have adverse health effects. The practice of chlorination has been found to be responsible for the production of chlorinated organic, particularly trihalomethanes (THMs). Rook (1974) published an investigation into the Rotterdam's water quality which showed haloforms at significant levels immediately following chlorination. Later that year, Bellar et al. (1974) reported significant levels of organic halides in some U.S. drinking water. Rook (1975) gave a more complete presentation of the various factors influencing the formation of THMs. The U.S. Environmental Protection Agency (U.S. EPA, 1980) presented the results of the National Organics Reconnaissance Survey showing that THMs could be found in almost all finished water (Symons, 1975; Trussel and Umphres, 1978) . In 1976, the National Cancer Institute (NCI) identified chloroform as an animal carcinogen leading ultimately to the regulation of THMs by the EPA (NCI, 1976) . A maximum contaminant level (MCL) of 100 g/l was established for total THMs. Current MCLs specified in the draft`Disinfectants/Disinfection By-Products (D/DBP) Rules' are 80 g/l for total THMs and 60 g/l for the sum of five haloacetic acids (HAA 5 ) (U.S. EPA, 1994) .
THMs in drinking water have been surveyed in Korea since the mid-1980s but other kinds of DBPs have not been studied in drinking water. Therefore, THMs have been regulated as criteria compounds since 1990, but there is no record of research on haloacetic acids (HAAs) and haloacetonitriles (HANs). In 1991, the legal standard was set at a 100 g/l total THMs limit for drinking water. Surface water, which can be divided into river, reservoir, and complex types, provides more than 90% of the country's drinking water. The characteristics of DBPs formation may depend on the type of drinking water source.
The objectives of this study were to determine the background level of DBPs, to verify the factors influencing the formation of halogenated DBPs, and to assess the utilization of current water treatment practices in light of regulation of DBPs.
Methods

Research Scheme
We attempted to estimate the formation potential, as well as to identify and characterize the occurrence of DBPs, as shown in Figure 1 . For raw water, we tested DBP formation potential, which was controlled by factors such as precursor, 
Sample Collection and Water Treatment System
Fifteen medium and large water plants serving more than 100,000 people were surveyed. They all apply a conventional treatment. Table 1 shows that all these water plants treat surface water as raw water. The majority of water utilities in Korea use polyaluminum chloride (PAC) or alum for coagulation. Disinfection of drinking water in water plants included in this study is achieved through chlorination. The addition of chlorine to the sand filter effluent at more than 0.2 mg/l of residual chlorine in tap water is common practice. Also, prechlorination is practiced in a few plants. The length of time in the distribution systems was within 12 h. The samples were collected from the sources, from the plant effluents and at the end of the distribution systems. We covered 15 water plants of six cities with four kinds of sources: Han River, Nakdong River, Daechung Lake, and Dongbok Dam as shown in Table 1 . Water samples were delivered to the laboratory within 24 h. Figure 2 shows the typical processes in a conventional water treatment plant in Korea. It consists of flash mixing with coagulants and chlorine, flocculation, sedimentation, sand filtration, and post-chlorination.
Analysis of Water Quality Parameters
Basic water quality parameters such as temperature, pH, turbidity, UV 254 , total organic compound (TOC), chlorophyll a, and residual chlorine were monitored as the DBP samples were collected. All samples were analyzed according to the respective procedures described in the Standard Methods (Franson et al., 1995) .
THMs Formation Potential
The pH of the samples were adjusted to 7.00.2 using HNO 3 (0.1 N) or NaOH (0.1 N) and divided into three 1-L sample bottles dosed with free chlorine in 5 mg Cl 2 /l increment to achieve the desired chlorine residual concentration (1 mg Cl 2 /l) at the end of 6, 24, and 168 h reaction period, respectively. The samples were incubated headspace-free for 6, 24, and 168 h at 2528C. After reaction period, chlorine residual concentrations were measured Produced by the analysis of four to five replicates of a laboratory fortified blank containing each analyte of concern at a concentration in the range of 0.1±10 g/l. ISTD, internal standard; ESTD, external standard; L±S, liquid±solid extraction. using the DPD ferrous titrimetric method described in the Standard Methods (Franson et al., 1995) and samples having the required chlorine residual concentration of 1 mg Cl 2 /l were selected. After collecting the samples for THM, HAA, HAN and HK analyses, dechlorination reagents were added and stored at 48C until ready for analysis.
THMs Reaction Yield
The reaction yield of THM can be defined as the micrograms of THMs formed per milligram of TOC in the source water. The THM reaction yield was calculated as follows:
THM reaction yield g=mg THMs g=l=TOCmg=l:
Sampling and Analysis Method of DBPs Duplicate samples for DBPs were collected in this study. For THMs measurement, about 25 mg of ascorbic acid was added to each 40 ml sampling vial. No air bubbles should pass through the sample as the bottle is filled without headspace. The pH of the sample was adjusted to <2 by adding 200 l of 1:1 HCl. Sample bottles were sealed with polytetrafluoroethylene (PTFE)-faced rubber septa. HAAs samples were collected in 300 ml amber glass bottles fitted with teflon-lined screw caps. After collecting the sample in the bottle containing the dechlorination reagent (NH 4 Cl), the bottle was sealed and agitated for 1 min. Samples of HAAs were refrigerated at 48C and maintained in these conditions away from light until extraction. Extracts were analyzed within 48 h following preparation. The samples for HANs, HKs, CP were collected in 40 ml glass vials without headspace. Dechlorination reagent (NH 4 Cl) was added to each sample. Bottles were capped with PTFE-faced rubber septa. All samples were stored at 48C until analysis.
Standards and materials were purchased from Supelco (USA), Compounds, methods, and equipment are shown in Table 2 . THMs were extracted and trapped by purge and trap and analyzed by gas chromatography/mass selective detector (GC/MSD) (U.S. EPA, 1992 method 524.2 for drinking water). HAAs were extracted by the acidified liquid±solid extraction method (U.S. EPA, 1992 method 552.1 for drinking water) and were analyzed by gas chromatography/electron capture detector (GC/ECD). Analysis of HANs, HKs and CP was done by GC/ECD as described in U.S. EPA (1992) method 551 for drinking water. GC/MSD was used to identify THMs, HAAs, HANs, and CP.
In laboratory-fortified samples, recovery of HAAs ranged from 85 to 113%, HANs ranged from 76 to 110%, HKs were 85 and 92% and CP was 85%. The detection limit of THMs was from 0.01 to 0.05 g/l, HAA 0.1 g/l, HAN from 0.1 to 0.5 g/l, HK 0.5 g/l, and CP was 0.5 g/l. Table 3 shows the characteristics of raw water in four major sources in Korea. Eventually, we could categorize three types of water sources concerned with the degree of water pollution. The Han River was slightly polluted by sewage, Assessment of disinfection by-products in drinking water in Korea Shin et al.
Results
Characteristics of Raw Water
the Daechung and Dongbok dams were moderately polluted by sewage, and the Nakdong River was highly polluted by sewage and industrial wastes. The TOC level as a surrogate of DBP precursor was not so high, ranging from 2.3 to 2.7 mg/l except in the Nakdong River where it was 5 mg/l. According to UVA/TOC data, the level was lowest for the Nakdong. It seems that TOC contamination may be from the drainage of sewage into the Nakdong River. Figure 3 shows the results of THMs formation potential (THMFP) tests in condition of pH 7, residual chlorine 0.7± 1.2 mg/l, at a temperature of 258C. This method to determine the potential for forming THMs is useful for predicting precursor concentration. In all cases, the level of THMs increased as their reaction time increased. The range of THMFP was from 73 to 215 g/l in 168 h.
THM Formation Potential and Occurrence of DBPs
Because the Nakdong source had the highest level of TOC and UV absorbance, the level of THMFP was the highest of the four sources covered in this investigation. The THMFP level downstream at Nakdong 2, was higher than upstream, at Nakdong 1. It seems that precursors are added as the water flows downstream. Table 4 shows the concentrations of five DBP groups tested in 1997 in 15 water plants in Korea. THMs were the prevailing DBPs formed in water treatment plants followed by HAAs. The formation of THMs accounted for about 60% by weight of all DBPs tested. The concentration of HAAs was almost one-third those of THMs and contributed 20% to all measured DBPs. The remaining 20% of measured DBPs were HANs (12%), HKs (5%), and CP (3%). Figure 4 shows the result of THM analysis of tap water in six major cities. The average THM level was 26 g/l, which is below the Korean standard, 100 g/l. The range was from 7.0 to 52.8 g/l. Pusan and Teagu City, which take raw water from the Nakdong River, were higher than other cities. This result represents the same trends as seen for THMFP.
Speciation of DBPs
THMs and HAAs were the two major groups of DBPs found in drinking water; they are formed exclusively by chlorination. Both of these groups are dominated by chlorinated species and show lower contributions from brominated species.
Figures 5, 6 and 7 give composition of THMs, HAAs, and HANs, respectively, for plant 3, selected as being representative of the larger systems. Chloroform was always found to be the major THM compound (77% by weight), followed by bromodichloromethane (BDCM, 18% by weight) and bromoform (BF, 3% by weight). Dibromochloromethane (DBCM) had the lowest occurrence. Dichloroacetic acid (DCAA) and trichloroacetic acid (TCAA), 40% and 32%, respectively, were the major HAAs in all the systems surveyed, followed by small amounts of monochloroacetic acid (MCAA), bromochloroacetic acid (BCAA), monobromoacetic acid (MBAA), and dibromoacetic acid (DBAA). Among HANs, dichloroacetonitrile (DCAN, 57%), bromochloroacetonitrile (BCAN, 22%) and dibromoacetonitrile (DBAN, 17%) were the most prevailing species, with low level of trichloroacetonitrile (TCAN).
Plant Effluent versus Distribution System
The DBPs results for tap water are from within 5 km of the actual distribution system sample. The level of residual chlorine was maintained as 0.7±1.2 mg/l to prevent microbial contamination in the distribution system. The concentration of DBPs formed in the distribution systems increased from those detected in plant effluent. An example of the changes in DBPs concentrations between the plant effluent and the end of the distribution system is presented graphically in Figure 8 . The concentration of all DBPs formed in tap water increased from that detected in effluent water from plant 3 except 1,1-dichloropropanone (DCP). Other workers also found that one of the HKs, DCP, decreased in the distribution system. They presumed that reaction with residual chlorine produced more highly chlorinated propanone and chloroform (Singer et al., 1995) .
Discussion
As pollution levels have increased in drinking water, there has been much concern about disinfection, for which chlorine has been used since the mid-1980s in Korea. There are three types of sourceÐriver, reservoir, and complex typeÐfor drinking water. The Han River can be characterized as a complex type of river and reservoir because it has several dams along the river. The typical reservoir type includes Daechung and Dongbok lakes that have less inflow of organic material from waste and sewage. It can be assumed that the majority of organic matter is natural organic substances. In most reservoir type sources, algae bloom occurs from late summer to early fall every year. The Nakdong River is a typical river type source of drinking water. It contains a lot of pollutants from industrial waste effluent and domestic sewage. The formation of DBPs may depend on the source, which is characterized by the composition of organic matter.
According to this study, the characteristics of DBP formation may depend on the type of drinking water sources. There was a difference in the THMs reaction yield according to sources. The yield is the micrograms of DBP formed per milligram of TOC precursor material (THM [g/ l]/TOC [mg/l]) in the source water. THM reaction yield helps us predict and understand DBPs formation in different source waters, as the THM reaction yield is not dependent on the concentration of organic compounds, but on the characteristics of source water. Among water sources sampled in this study, the THMs reaction yield of the 
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Nakdong River, a typical river type of source, was calculated as 0.256 mol/mg, and that of the Dongbok Dam, a typical reservoir type of source, was calculated as 0.497 mol/mg. Therefore, it was found that the reservoir type resulted in a THMs reaction yield about two times higher than the river type. Secondly, it can be assumed that the above results are caused by a different constitution of organic matter existing in the water according to the type of source. Actually, comparing the data of UVA/TOC (l/mg m) which indicated the proportion of humic substance contained in organic matter between the reservoir-type Dongbok Dam and the river-type Nakdong River, the former was found to be 3.76 l/mg m and the latter was found to be 2.21 l/mg m. In other words, there was about 40% of difference between them. Krasner and Amy (1995) and White et al. (1997) reported UVA to TOC ratios for source water as shown in Table 5 . Similar with our results, the ratio of reservoir was higher than that of river. This showed that humic substance is contained in organic matter of the reservoir type in a higher proportion than the river type. From this point of view, it can be concluded that the THMs reaction yield produces different values according to the type of water source. The THMs reaction yield of sewage and humic acid as assessed in a previous study conducted by our team showed that the value of the THMs reaction yield of humic acid, 0.95 mol/mg, is much higher than that of sewage, 0.14 mol/mg. This illustrates that it is possible for there to be a significant difference in THMs formation according to the component type and the proportion of organic matter existing in water sources (Chung et al., 1997) . Apparently, humic substances react with chlorine to produce more THMs than do the smaller non-polymeric molecules found in sewage.
THMs ranged from 4.36 to 56.38 g/l with the mean of 24.49 g/l in tap water. Measured concentration of HAAs ranged from 2.35 to 14.50 g/l (mean 7.43 g/l). HAN concentration ranged from 2.03 to 14.14 g/l (mean 8.15 g/l). For Korea, as shown in Table 6 , it was observed that daily water intake including tap water, bottled water, beverage and water added in cooking was 1.26 l/day (average), 1.98 l/day (90th percentile), respectively (Chung et al., 1996) . The river type drinking water source contains a higher ratio of sewage to humic substance compared with the reservoir type. Therefore, it can be assumed that the THM reaction yield is getting lower as the ratio of sewage to humic substance is getting higher.
When the DBP composition of the river-typed Nakdong River was compared with reservoir-typed Dongbok Dam, DBP composition of the Nakdong River was determined as 63% THMs, 4% HAAs, 20% HANs, 7% HKs, and 3% CP. Also, the composition rates of THMs and HANs were relatively high and that of HAAs was low. Conversely, in the case of the reservoir-typed Dongbok Dam, the composition rate of HAAs was relatively high (i.e., its DBP composition was 24% THMs, 41% HAAs, 16% HANs, 5% HKs, and 2.2% CP).
As a result, it can be concluded that DBP composition differs according to the type of water source, and the factors that affect this composition should be investigated further. Particularly, this could involve determining whether or not the difference in DBPs is caused by the composition of precursors mentioned above.
Conclusion
This research was designed to identify the occurrence and to establish control methods for DBP production in Korea's drinking water. The occurrence level of DBPs in drinking water was below 50 g/l in most cases. THMs in plant effluent accounted for 60% of all DBPs measured, whereas HAAs accounted for 20%, HANs 12%, HKs 5% and CPs 3%. Chloroform was found to be the major THMs compound (77%), followed by BDCM (18%) and BF (3%). The concentration of DBPs formed in distribution systems increased from those detected in plant effluent. Comparison of humic acid and sewage as precursors for THM formation showed that humic acid was the major THM precursor. This study provides basic information for the establishment of DBP regulation as well as reduction technology by identifying various factors concerning water quality in Korea.
